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Abstract. We present here a quantitative, accurate estimate of the impact of uncertainties of
astrophysical nature on the determination of the dark matter distribution within our Galaxy,
the Milky Way. Based on an update of a previous analysis, this work is motivated by recent
new determinations of astrophysical quantities of relevance –such as the Galactic parameters
(R0,V0)– from the GRAVITY collaboration and the GAIA satellite, respectively. We find that
even with these state–of–the–art determination and a range of uncertainties –both statistical
and systematic– much narrowed with respect to previous work, the uncertainties on the dark
matter distribution and their impact on searches of physics beyond the standard model stays
sizable.
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1 Introduction
The determination of the gravitational structure of our host Galaxy, the Milky Way (MW), is a
very interesting endeavor by itself, and at the same time it has implications that reverberate
from Cosmology to Particle Physics. The gravitational potential of the MW can not be
explained by the presence of stars and gas alone, beyond the innermost ∼ 5 kpc, [1]. This is
generally imputed to the presence of a component of unknown nature dubbed Dark Matter
(DM). On the one hand, this component of matter cannot be accommodated within the
Standard Model of Particle Physics. This has motivated direct and indirect particle searches,
together with collider experiments, that aim to understand its nature. Synergies between
these efforts have constrained the parameter space of several extensions of the Standard
Model. However, these attempts are hampered since the interpretation of data from direct
and indirect searches depends on the distribution of DM in the Galaxy. On the other hand,
the distribution of DM in galaxies is a prediction of the ΛCDM model, thus it provides an
important test of consistency of the cosmological framework.
From the above, it proceeds that the distribution of the DM within our Galaxy is of
relevance, beside its intrinsic value “per se”, as an ancillary quantity for other fields. Deter-
mined through techniques that rely on astrophysical observations [2–14], the DM distribution
is unavoidably affected by the uncertainties that plague such observations. Such uncertainties
do propagate into other quantities that rely on the use of the DM distribution, and hence the
original ignorance on astrophysical quantities propagate to quantities of seemingly unrelated
nature, such as the so-called DM J-factor which regulates the amount of DM annihilation
signal and thus the expected yield of e.g. γ-ray photons, neutrinos or antiprotons, which
would reveal the presence of DM itself, or the local DM density ρ0 which, instead, dictates
the expected number of events in underground direct detection experiments [15].
The principles of the above are very well known, yet a specific quantitative approach,
systematically estimating the effect of all the observables into play, is not thoroughly adopted.
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In a previous work [6] we had proposed a first quantitative estimate of the impact of astro-
physical uncertainties on specific scenarios for the DM nature. Later, we had proposed a
systematic approach to the astrophysical quantities in play in the empirical determination
of the DM distribution [15] (hereafter Paper I). In Paper I, we also presented a likelihood
function that can be used in the particle interpretation of data coming from direct and in-
direct searches in order to self-consistently include astrophysical uncertainties that affect our
determination of the DM distribution [16–24].
In this new paper, we present an approach very similar to that of Paper I, slightly
modified from the technical point of view, and including the recent most determinations of
some of the astrophysical quantities that have a bigger impact in the determination of the DM
distribution, namely the Sun’s distance to the Galactic center, R0, and its circular velocity
V0. We anticipate that despite uncertainties on these quantities are narrowed, the remaining
uncertainties on the DM distribution are sizable, thus still affecting searches for its nature.
This paper is structured as follows: in section 2 we describe the new methodology; in
section 3 we present the new observations we adopt for this determination; in section 4 we
present our results, also comparing the state–of–the–art and the improvement of knowledge
with respect to previous determinations. We present our conclusions in section 5, while in
Appendix A and B we discuss the case of alternative DM profiles, and in Appendix C we
provide the results of a Bayesian analysis and compare them with the frequentist analysis.
2 Methodology
We closely follow the data-driven analysis presented in Paper I in order to quantify astro-
physical uncertainties on our determination of the DM distribution in the MW. In particular,
constraints on the distribution of DM are obtained with the well-known rotation curve (RC)
method, by comparing the observed RC of the MW with predicted velocities expected to be
caused by the baryonic and DM components of the Galaxy.
We adopt the data from the galkin compilation [1, 25] for the observed RC. Observed
velocities depend on the Sun’s galactocentric distance R0, its circular velocity V0 and its
peculiar motion (U, V,W ). The Sun’s peculiar motion in the tangential direction V, R0
and V0 are related to the Sun’s total angular velocity, Ω0,tot, by
Ω0,tot =
V0,tot
R0
=
V0 + V
R0
. (2.1)
In Paper I [15], we fixed Ω0,tot, whose value is known with a small uncertainty, and V, and
we varied R0 in the range 7.5-8.5 kpc. Each time R0 is specified, V0 was derived following
the above equation. The generous range of variation for R0 was in part compensating for
having kept fixed V, thus neglecting its uncertainty. In this work we rather fix Ω0,tot and
R0, which has been recently precisely measured (see below), and we vary V0 within measured
uncertainties. Each time V0 is specified, V is obtained by means of equation (2.1). That is,
the quantities V0 and V self-consistently satisfy constraints on the Solar total velocity in the
tangential direction, which is estimated with high precision [26].
We assume the DM is a smooth, spherically-symmetric component whose distribution is
described by a generalized Navarro-Frenk-White (gNFW) profile [27, 28] (in appendices A and
B we show the results for the Burkert [29] and Einasto [30] DM density profiles, respectively).
For the baryonic matter, we adopt a set of several baryonic morphologies Mi – motivated
by observations – that bracket the systematic uncertainty on the distribution of the baryonic
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mass in our Galaxy [1]. We also account for the uncertainty on the total baryonic mass by
normalizing the stellar disk profile to the stellar surface density at the Sun’s position Σ∗
and by normalizing the bulge mass using the microlensing optical depth towards the galactic
center 〈τ〉.
Our analysis has, thus, the following free parameters: V0, Θ, Mi, 〈τ〉 and Σ∗; where
Θ = (Rs, ρ0, γ) correspond to the parameters of the DM density profile, i.e. the profile scale
radius, the local DM density and the profile inner slope, respectively. We scan a discrete grid
composed of 50 values for ρ0 linearly spaced in the range [0, 1] GeV/cm3, 50 values for Rs
logarithmically spaced in the range [5, 100] kpc, 15 values of γ linearly spaced in the range
[0, 1.5], 10 values of V0 linearly spaced in the range [218, 240] km/s, and 30 morphologies
Mi. For 〈τ〉 and Σ∗ we use 10 values each, linearly spaces in the range [-2σ, +2σ]. At each
point of this seven-dimensional grid, observed and predicted rotation velocities are compared
by means of a χ2 statistics given by
χ2RC(V0,Θ,Mi, 〈τ〉,Σ∗) =
∑
j
(
w¯j(Θ,Mi, 〈τ〉,Σ∗)− w¯obsj (V0)
)2
σ2w¯j
+
(〈τ〉 − 〈τ〉obs)2
σ2〈τ〉
+
(
Σ∗ − Σobs∗
)2
σ2Σ∗
,
(2.2)
where w¯obsj is the measured angular velocity, with its corresponding uncertainty σw¯j , for a
given radial RC bin j. For details on how the binned quantities w¯obsj and σw¯j are derived
from the galkin compilation of measurements we refer the reader to Paper I. We also notice
that for each different values of V0 on the grid the experimental angular velocities also change
accordingly. We self-consistently take this effect into account. Again, this is discussed in detail
in Paper I. We adopt the values of the microlensing optical depth measurement provided in
[31], i.e. 〈τ〉obs = 2.17+0.47−0.38 × 10−6, as well as the stellar surface density at the Sun’s position
provided by [3], namely Σobs∗ = (38 ± 4)M/pc2. For simplicity, we symmetrize the error in
the microlensing optical depth and adopt a standard deviation of σ〈τ〉 = 0.47.
We employ a frequentist formalism and derive profile likelihoods. For a thorough de-
scription of the statistical framework, we refer the interested reader to section 3 in Paper
I. Nonetheless, for completeness, we also present bayesian results, which do not rely on a
grid but make use of Monte Carlo scan techniques. The results of the Bayesian analysis are
reported in appendix C.
3 New observations
In this work we adopt the following new estimates of the relevant astrophysical quantities
(R0, V0):
– the Sun’s galactocentric distance estimation obtained by the GRAVITY collaboration
by measuring the Keplerian orbit of the S2 star in the innermost parsecs of the Galaxy
[32]:
R0 = 8.178± 0.013(stat)± 0.022(syst). (3.1)
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Figure 1: Observed Rotation Curve and best-fit contributions of the bulge, disc, gas, DM,
individually as well as summed together, for different values of V0. The slope of the DM
profile (gNFW) has been fixed to γ = 1 for these plots (see text for more details).
– The Sun’s circular velocity determined by means of a Jeans analysis that combines
Gaia [33], WISE [34] and 2MASS [35] photometry with spectral data from APOGEE [36]
for ∼ 23000 red-giant stars with galactocentric distances between 5 and 25 kpc [37]:
V0 = 229.0± 0.2 km/s, (3.2)
with a systematic uncertainty in the range 2− 5%.
We fix R0 to the GRAVITY estimate1 and we vary V0 within measured uncertainties. We
adopt as fiducial the V0 range [218, 240] km/s, chosen to encompass the conservative 5%
systematic uncertainty quoted in [37], and incidentally coinciding with the range of values
found in the literature (e.g. [39–44]).2
1 If we rather fix R0 to the updated estimate given in [38] (i.e. R0 = 8.249± 0.009(stat)± 0.045(syst)) [38],
uncertainties in ρ0 vary by less than 3%.
2 Each time V0 is specified, V is derived – according to equation (2.1) – in order to satisfy constraints
on the Solar total velocity. In particular, by varying V0 in the range [218, 240] km/s, V varies in the range
[7, 29] km/s, which indeed perfectly brackets estimates from the literature (e.g. [40, 45–50])
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Figure 2: Left panel: 2σ contours in the (Rs, ρ0) plane for fixed γ = 1 and R0 = 8.178 kpc,
and for various values of V0, and profiled overMi, 〈τ〉 and Σ∗. The dashed black line is the
2σ contour further profiled over V0. Right panel: 2σ contours in the (Rs, ρ0) plane for fixed
R0 = 8.178 kpc, for various values of γ, and profiled over V0,Mi, 〈τ〉 and Σ∗.
As in Paper I, the Solar total angular velocity is fixed to the precise result Ω0,tot =
30.24 ± 0.12 km/s/kpc, which is obtained by measuring the proper motion of Sgr A∗ [51].
The Sun’s peculiar motion in the radial and vertical directions are fixed to U = 11.10 km/s
and W = 7.25 km/s [42], respectively. These two quantities are measured with ∼ 10%
precision [41]. By varying them within measured uncertainties, our results remain unaffected.
4 Results
In this section we present our results. In figure 1 we show some example of how the best fit
RC compares with the observations for various fixed values of V0. The quality of the fit is
good with typical values of the χ2 of about 8 given the 25 data points. In the left panel of
figure 2, we show 2σ contours of the profile χ2RC for fixed γ = 1 and different V0 values, i.e.
χ2RC,prof(V0, Rs, ρ0, γ = 1),
where the remaining parametersMi, 〈τ〉,Σ∗ have been profiled away, i.e., for given V0, Rs, ρs
and γ = 1, χ2RC is minimized over Mi, 〈τ〉,Σ∗ to give χ2RC,prof . We generalize our results
for different γ in the right panel of this same figure, where we show the 2σ contours of the
χ2RC,prof further profiled over V0 for various values of γ.
4.1 Comparison with Paper I
In the left panel of figure 3, we compare the 2σ contours of the χ2RC profiled overMi, 〈τ〉,Σ∗
and V0 (shown in black) – as obtained in this work –, with the result of paper I, where V
was fixed to 12.24 km/s and R0 used as independent parameter (see Eq.2.1) and varied in
the range [7.5,8.5] kpc and the χ2 profiled over Mi, 〈τ〉,Σ∗(blue contour). Both contours
are obtained for fixed γ = 1. The right panel is similar to the left one, but further profiled
over γ. The new R0 determination from GRAVITY impacts the constraints on the lower
limit of the local DM density, shrinking it by a factor ∼30% in this analysis with respect to
those obtained in Paper I. While this improvement is significant, on the other hand is not
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Figure 3: Left panel: 2σ contours in the (Rs, ρ0) plane for fixed γ. The black contour is
obtained for fixed R0, and profiled over V0, Mi, 〈τ〉 and Σ∗. The blue line is obtained by
profiling over R0, Mi, 〈τ〉 and Σ∗, but for fixed V (as calculated in Paper I). Right panel:
same as left panel but further profiled over V0.
as dramatic as one might expect given instead the strong improvement in the determination
of R0. This is because the uncertainty in R0 is only one of the uncertainties involved in the
problem and significant uncertainties still remain, for example in the baryonic morphology,
as well as systematics in the determination of the RC.
4.2 Gaia ranges
Our fiducial range of V0 values, i.e. [218, 240] km/s, encompass, on the one hand, estimates
found in the literature, and, on the other hand, it coincides with the Gaia range estimate
assuming a 5% systematic uncertainty, which is the most pessimistic value considered in [37].
If we rather assume a 2% systematic uncertainty, which is the more optimistic value considered
in [37], the Gaia range shrinks to [224, 234] km/s. In figure 4, we show the constraints obtained
in the (Rs, ρ0) plane for the two Gaia ranges. Although the V0 range is reduced by 50%, the
uncertainty on the local DM density remains almost unchanged. Similarly to what seen above
with R0, this indicates that the uncertainties on the spatial distribution and normalization of
baryons and the large error bars of the RC dominate our determination of the DM distribution
in the MW.
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Figure 4: Constraints in the (Rs, ρ0) plane for the two Gaia systematic ranges of V0, as
explained in the text. Left panel: 2σ contours for fixed γ, profiled over V0,Mi, 〈τ〉 and Σ∗.
Right panel: same as left panel but further profiled over γ.
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5 Conclusions
We have quantified astrophysical uncertainties on the distribution of Dark Matter in the
Milky Way (under the assumption of a gNFW, Burkert and Einasto density profiles) by
comparing the observed Rotation Curve with that expected to be caused by the baryonic and
DM components of the Galaxy. We have made use of state-of-the-art (AD 2020) estimates of
the Galactic parameters (R0, V0) [37, 52], updating a previous analysis [15] also adopting V0
as a new independent variable (instead of R0, as in the previous analysis). Uncertainties on
the determination of the DM distribution stay sizable, and comparable with those estimated
with earlier determinations of the Galactic parameters. This is driven by the fact that the
main source of astrophysical uncertainties remains that on the shape and mass of the baryonic
component of the Galaxy, as well as the systematic uncertainties in the determination of the
experimental MW rotation curve.
We infer a local density range ρ0=0.4− 0.8 GeV/cm3 at the 2σ level, assuming a gNFW
profile. This range coincides with that obtained under the assumption of an Einasto and a
Burkert density profiles, thus indicating that the choice of profile does not affect the deter-
mination of local Dark Matter density, within the astrophysical uncertainties.
We provide both the likelihood profile and the Bayesian posterior of the present analysis
–publicly available at https://github.com/mariabenitocst/UncertaintiesDMinTheMW– so to
be adopted in BSM searches to include the most relevant astrophysical uncertainties on the
determination of the Dark Matter distribution in the Milky Way.
Adopting state-of-the-art (AD 2020) determinations of Galactic parameters, we find in
fact that the uncertainties on quantities relevant for searches of the nature of Dark Matter
–propagated from those of astrophysical nature–are sizable, and should be properly included
in all comprehensive analysis.
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A Burkert profile
In this appendix we present the results obtained for a Burkert profile [29]. The Burkert DM
density profile has two free parameters: the core radius Rc and the local DM density ρ0. In the
left panel of figure A.5 we present the 2σ contours in the (Rc, ρ0) plane taking into account the
latest measurements of the astrophysical quantities (R0, V0) [37, 52]. In the right panel of the
same figure, we compare the 2σ contour obtained in this work (i.e. χ2RC profiled over V0,Mi,
〈τ〉 and Σ∗) shown in black, with that obtained in Paper I –obtained by profiling over R0,Mi,
〈τ〉 and Σ∗– which is shown in blue. Despite the reduction on uncertainties on astrophysical
quantities, the minimum core size of about 5 kpc remains unaffected. Contrary, uncertainties
on the local DM density are slightly reduced from 0.33−0.73 GeV/cm3 to 0.41−0.76 GeV/cm3.
As for the gNFW case, uncertainties on our estimate of the DM distribution in the MW are
dominated by our ignorance on the actual shape and weight of the baryonic component of
the Galaxy.
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Figure A.5: 2σ contours in the (Rc, ρ0) plane for a Burkert profile. Left panel: for various
values of V0 and profiled over Mi, 〈τ〉 and Σ∗. Right panel: further profiled over V0 (black
contour), and, in blue, contour obtained in Paper I (profiled over R0,Mi, 〈τ〉 and Σ∗).
B Einasto profile
We also present the results obtained for an Einasto DM density profile [30], which is defined
in terms of the shape parameter (or inner slope of the logarithmic density profile) α, the
scale radius Rs and the local DM density ρ0. The left panel of figure B.6 shows the 2σ
contours obtained in the (Rs, ρ0) plane, for different values of the parameter α and profiled
over V0, Mi, 〈τ〉 and Σ0, while taking into account the recent estimations of the Sun’s
galactocentric distance and its circular velocity [37, 52]. The right panel of figure B.6 compares
the constraints obtained in light of new astrophysical data (black contour) with the results
obtained in Paper I (blue contour). In light of new estimates of the Sun’s distance to the GC
and its circular velocity, the allowed 2σ range for the local DM density is 0.39−0.76 GeV/cm3.
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Figure B.6: Constraints in the (Rs, ρ0) for an Einasto profile. Left panel: 2σ contours
for different values of α and fixed R0, profiled over V0, Mi, 〈τ〉 and Σ∗. Right panel: 2σ
contours for fixed R0, profiled over α, V0,Mi, 〈τ〉 and Σ∗ (black contour). The blue contour
corresponds to the one obtained in Paper I, i.e. χ2RC profiled over α, R0,Mi, 〈τ〉 and Σ∗.
C Bayesian framework
In this section we present the results of a fully Bayesian analysis. By comparing the results
obtained with the frequentist and Bayesian frameworks, we are able to bracket uncertainties
due to the use of the statistical methodology. For a given baryonic morphology, our model
has six free parameters: the three parameters (Rs, ρ0, γ) of the gNFW density profile, the two
parameters that control the normalization of the baryonic mass, namely 〈τ〉 and Σ∗, and the
Sun’s circular velocity V0. We perform a Monte Carlo scan of the parameter space by means
of the nested sampling code PyMultiNest [53, 54], using flat priors on the parameters. We ac-
count for the uncertainty in the choice of baryonic morphology by repeating the scan for each
different morphology and then performing a Bayesian model averaging (e.g. [55]). In partic-
ular, we follow the prescription described in section 2.4.2 of [7], with the only difference that,
in the analysis presented here, V0 is a free parameter. The six-dimensional model-averaged
posterior can be found at https://github.com/mariabenitocst/UncertaintiesDMinTheMW.
Figure C.7 shows the one and two-dimensional marginalized posterior distributions for
the model-averaged. The Bayesian contours (shown in magenta) delimiting regions of 68% and
95% probability are compared with the 1-2 σ frequentist contours, which are shown in black.
The Bayesian model-averaged contours are less conservative than the frequentist counterparts
and thus, as observed in the figure, the former contours are smaller. Furthermore, the larger
differences between the two frameworks can be observed for those contours in which V0 is a
free parameter. This behavior can be explained by the fact that V0 is poorly constrained by
the RC analysis.
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Figure C.7: One and two-dimensional marginalized Bayesian posterior distributions for the
baryonic model-averaged case (magenta). The Bayesian contours delimit regions of 68% and
95% probability. The frequentist contours delimiting the 68% and 95% confidence regions are
also shown in black.
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